Abstract. Autophagy, an essential process for cellular maintenance, cell viability, and development, is the bulk degradation of proteins and organelles. This study investigated the expression levels of autophagy-related genes and the effect of 3-methyladenine (3-MA, an autophagy inhibitor) or rapamycin (an autophagy inducer) on maternal gene degradation and apoptosis in porcine parthenotes developing in vitro. LC3, which is essential for the formation of autophagosomes, was widely expressed in porcine parthenotes. High levels of autophagy-related genes, Atg5, Beclin1 and Lc3 transcripts were expressed in the 1-cell (1C) stage and gradually decreased through the 2-cell (2C) to blastocyst stages. The mRNA expression of Gdf9, c-mos and cyclin B maintained high levels in 2C and 4-cell (4C) embryos treated with 3-MA compared with the control. The Bmp15 and cyclin B mRNA levels were significantly reduced in embryos treated with rapamycin compared with the control. These results suggest that autophagy influences the degradation of these maternal genes. Furthermore, 3-MA-treated embryos exhibited significantly reduced developmental rates, decreased total cell numbers and increased rates of apoptosis. Expression of Atg5, Beclin1 and Lc3 and synthesis of LC3 protein were significantly reduced at the blastocyst stage. Although rapamycin treatment did not affect the developmental rate, it decreased the cell number and increased the rate of apoptosis, and the expression of Atg5, Beclin1 and Lc3 and LC3 protein synthesis were increased. Finally, blastocysts derived following treatment with 3-MA or rapamycin exhibited significantly decreased expression of selected transcription factors, including Pou5f1, Sox2 and Nanog. In conclusion, our results demonstrate that autophagy influences maternal mRNA degradation and apoptosis at the blastocyst stage and suggest that autophagy plays an important role in early embryo development in the pig. Key words: Apoptosis, Autophagy, LC3, Maternal gene, 3-MA, Rapamycin (J. Reprod. Dev. 58: [576][577][578][579][580][581][582][583][584] 2012) A utophagy is an intracellular, bulk degradation process in which a portion of the cytoplasm is sequestered in an autophagosome and subsequently degraded upon fusion with a lysosome [1] [2] [3] . Autophagy plays a critical role during fertilization [4] and an essential role in differentiation and development, as well as in the cellular response to stress. Our previous study was the first to report that mitochondrial stress influences autophagy in porcine parthenotes developing in vitro [5] . However, the role of autophagy in early porcine parthenotes is still poorly understood.
A
utophagy is an intracellular, bulk degradation process in which a portion of the cytoplasm is sequestered in an autophagosome and subsequently degraded upon fusion with a lysosome [1] [2] [3] . Autophagy plays a critical role during fertilization [4] and an essential role in differentiation and development, as well as in the cellular response to stress. Our previous study was the first to report that mitochondrial stress influences autophagy in porcine parthenotes developing in vitro [5] . However, the role of autophagy in early porcine parthenotes is still poorly understood.
A balance between the formation and degradation of cellular proteins is required for cell survival. In mammals, protein degradation is accelerated shortly after fertilization and is apparent by the early two-cell stage in mice [6] and the four-cell stage in pigs. Early embryogenesis may rely on maternal protein stores as nutrients. After fertilization, maternal proteins in oocytes are degraded, and new proteins encoded by the zygotic genome are synthesized [4] . Several maternal proteins are degraded by the ubiquitin-proteasome system [7, 8] , but it is unknown whether macroautophagy (referred to as autophagy hereafter) plays an important role during this period.
Proteins encoded by autophagy-related genes (ATG) are required for the formation of autophagic vesicles [9] [10] [11] [12] . ATG5 is associated with the ATG12-ATG16 complex through a ubiquitin-like system. ATG6/Beclin-1 functions in cooperation with the class III PI3-kinase signaling complex to positively control the formation of autophagic vacuoles [13, 14] . Microtubule-associated protein light chain 3 (LC3/ ATG8) is converted to a membrane-conjugated form by ATG4, while ATG9 is an integral membrane protein required for the formation of double membrane vesicles [15] [16] [17] . Lysosomal-associated membrane protein 2 (LAMP2) is a ubiquitous lysosomal membrane protein that is highly expressed in normal human pancreatic tissue and is required for the proper fusion of lysosomes with autophagosomes in the late stages of the autophagic process [18] . However, little information characterizing the regulation and coordination of the expression of these genes is available for porcine preimplantation embryos developing in vitro.
LC3 was first isolated as a microtubule-associated protein and subsequently localized to autophagosomes and isolation membranes during autophagy [19, 20] . It specifically associates with growing phagophores and mature autophagosomes [19, 21] . This association is essential for the extension, curvature and closure of the isolation membrane to form the autophagosome [22] . However, the regulatory mechanisms that modulate the participation of LC3 in autophagy or apoptosis remain poorly understood.
The relationship between autophagy and apoptosis is not always clear. Autophagy can be instrumental in type I cell death, apoptosis, and there are several cases of type II cell death in which some traits of apoptosis have been observed, suggesting that apoptosis and autophagy are probably evolutionarily-related processes [23] . Previously, inhibition of autophagy by 3-MA was shown to enhance the effect of 5-FU-induced apoptosis in colon cancer cells [24] . In contrast, the inhibition of autophagy by 3-MA decreased apoptosis in corpus luteum cells [25] . Similar to 3-MA, rapamycin also elicits both pro-and anti-apoptotic effects. Pan et al. [26] reported that rapamycin protects against rotenone-induced apoptosis through autophagy induction. However, Tirado et al. [27] reported that rapamycin induces the apoptosis of JN-DSRCT-1 cells by increasing the Bax:Bcl-xl ratio through concurrent mechanisms both dependent on and independent of its mTOR inhibitory activity. However, it is still not known whether autophagy affects apoptosis in porcine preimplantation embryos developing in vitro. Pou5f1, also known as Oct3/4 [28] , belongs to the class V family of POU proteins and mediates pleiotropic control as a transcription factor [29, 30] . Pou5f1 mRNA and protein have been identified in the blastomeres of preimplantation embryos, in the inner cell mass (ICM) of blastocysts, in epiblasts and primordial germ cells and in most germ cells [28, 31] . Loss of Pou5f1 in blastocysts leads to terminal differentiation of the inner cell mass into the trophoblast lineage [32] , and a precise dose of Pou5f1 is required for cell fate decisions [33] . Recent studies show that Sox2 and Nanog interact with Pou5f1 to regulate the transcriptional hierarchy that specifies ES cell identity [32, 34, 35] .
The objective of this study was to investigate the expression of autophagy-related genes and the effects of the inhibition or induction of autophagy by 3-MA or rapamycin to examine maternal gene degradation and apoptosis in porcine parthenotes developing in vitro.
Materials and Methods

In vitro porcine oocyte maturation and parthenogenetic activation
Prepubertal porcine ovaries were collected from a local slaughterhouse and transported to the laboratory at 25 C in Dulbecco's phosphate-buffered saline (dPBS) supplemented with 75 μg/l penicillin G and 50 μg/l streptomycin sulfate. Cumulus-oocyte complexes (COCs) were aspirated from follicles 2-8 mm in diameter with an 18-gauge needle and a disposable 10 ml syringe. The COCs were washed three times with Hepes-buffered Tyrode's medium containing 0.1% (w/v) polyvinyl alcohol (Hepes-TL-PVA). Each group of 50 COCs was matured in 500 μl tissue culture medium (TCM)-199 (with Earle's salts; Gibco, Grand Island, NY, USA) supplemented with 0.57 mM cysteine (Sigma, St. Louis, MO, USA), 10 ng/ml EGF (Sigma), 10 IU/ml PMSG (Sigma) and 10 IU/ml hCG (Sigma) under paraffin oil at 39 C for 44 h. Following maturation, cumulus cells were removed by pipetting in the presence of 1 mg/ml hyaluronidase for 2-3 min. Oocytes were activated for parthenogenesis with 5 μM Ca 2+ ionophore (Sigma) for 5 min. After 3 h of culture in porcine zygote medium 3 (PZM3) [36] containing 7.5 μg/ml cytochalasin B (Sigma) embryos were washed three times in PZM3 medium containing 0.4% (w/v) BSA and cultured in the same medium at 39 C in an atmosphere of 5% CO 2 and 95% air. MII oocytes (MII) were collected before parthenogenetic activation, and One-cell (1C, 3 h or 6 h after activation)-, 2-cell (2C)-, 4-cell (4C)-, morula (MO)-, and blastocyst (BL)-stage embryos were collected at 3, 6, 24, 48, 120 and 168 h after parthenogenetic activation, respectively. The oocytes and embryos were washed in dPBS, and depending on the experiment, harvested oocytes and embryos were either fixed with 3.7% formaldehyde for 20 min and stored at 4 C, or snap-frozen in liquid nitrogen and stored at -70 C until used.
After parthenogenetic activation, the embryos were then treated by three different methods. 1) Embryos were cultured from the one-cell stage to the four-cell stage (48 h after activation) in PZM3 media containing 2.5 mM 3-MA or 1 ug/ml rapamycin and then to blastocysts in 3-MA-or rapamycin-free PZM3 medium. 2) Embryos were cultured for 120 h from the four-cell stage to blastocysts (168 h after activation) in PZM3 medium containing 3-MA or rapamycin.
3) Embryos were cultured from the one-cell stage to blastocysts (168 h after activation) in PZM3 medium containing 3-MA or rapamycin at 39 C in an atmosphere of 5% CO 2 and 95% air.
Immunofluorescence staining
To examine the expression of the LC3 protein, approximately 10 oocytes or embryos were washed in Dulbecco's phosphate-buffered saline (dPBS) containing polyvinyl alcohol (PVA, 1 mg/ml), fixed for 20 min in 3.7% formaldehyde in dPBS and permeabilized with 0.2% Triton X-100 in dPBS for 30 min at room temperature. The fixed embryos were then incubated with rabbit polyclonal LC3 (Abcam, Cambridge, UK) antibody (1:100) for 1 h and then with FITC-labeled secondary antibody (1:100, Sigma). Hoechst 33342 (1 ug/ml) was used to stain the nuclei. Slides were examined using laser-scanning confocal microscopy with a Leica DM IRB equipped with a krypton-argon ion laser for simultaneous excitation of fluorescence for protein and DNA.
Terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL) assay
Approximately 10 blastocysts were washed three times in dPBS (pH 7.4) containing 1 mg/ml PVA (dPBS/PVA), followed by fixation in 3.7% formaldehyde in dPBS/PVA for 1 h at room temperature. After fixation, embryos were washed in dPBS/PVA and permeabilized by incubation in 0.5% Triton X-100 for 1 h at room temperature. Embryos were then washed twice in dPBS/PVA and incubated with fluorescein-conjugated dUTP and the terminal deoxynucleotidyl transferase enzyme (in situ Cell Death Detection Kit, Roche, Mannheim, Germany) in the dark for 1 h at 37 C. Hoechst 33342 (1 μg/ml, Sigma) was used to stain the nuclei. Slides were examined using laser-scanning confocal microscopy with a Leica DM IRB equipped with a krypton-argon laser for simultaneous excitation of FITC and Hoechst 33342. The total number of cells scored included mitotic cells. The percentage of apoptotic cells per embryo was expressed as follows: apoptotic index = (apoptotic nuclei/total number of nuclei) × 100.
Real-time reverse transcription polymerase chain reaction (RT-PCR)
Approximately 10 oocytes or embryos were washed in Ca 2+ -and Mg 2+ -free PBS, snap-frozen in liquid nitrogen and stored at -70 C.
Messenger RNA was extracted using the Dynabeads mRNA Direct Kit (Dynal Asa, Oslo, Norway) according to the manufacturer's instructions. Synthesis of cDNA was achieved by reverse transcription of the RNA using the Oligo(dT) 12-18 primer and SuperScript Reverse Transcriptase enzyme (Invitrogen, Grand Island, NY, USA). The mRNAs of Bcl-xl, Fas, Bak, Caspase3, Atg5, Beclin1, microtubule-associated protein 1 light chain 3 beta (Lc3), Gdf9, Bmp15, c-mos, cyclin B, Pou5f1, Sox2, Nanog and Gapdh were then detected by real-time RT-PCR with specific primer pairs ( Table 1) . The PCR reactions were performed according to the instructions of the real-time PCR machine manufacturer (DNA Engine Opticon 3 fluorescence detection system, MJ Research, Waltham, MA, USA). The threshold cycle (Ct) value represents the cycle number at which sample fluorescence rises to a statistically significant level above the background. The reactions were conducted according to the protocol of a DyNAmo SYBR Green qPCR kit containing modified Tbr DNA polymerase, SYBR Green, optimized PCR buffer, 5 mM MgCl 2 and dNTP mix including dUTP (Finnzymes). The PCR program was as follows: denaturation (95 C for 10 min), amplification and quantification repeated 40 times (95 C for 10 sec, 55 or 60 C for 30 sec, and 72 C for 30 sec with a single fluorescence measurement), melting curve analysis (65-95 C, with a heating rate of 0.2 C/sec and continuous fluorescence measurement) and final cooling to 12 C.
Fluorescence data were acquired after the extension step during PCR reactions containing SYBR Green. Thereafter, PCR products were analyzed by generating a melting curve. Since melting curves are sequence-specific, nonspecific PCR products could be distinguished from specific ones. The crossing point (CP) was determined for each transcript to generate a mathematical model. The CP is defined as the point at which the fluorescence rises appreciably above the background fluorescence. The relative quantification of gene expression was analyzed by the 2-ddCt method. In all experiments, Gapdh mRNA was used as an internal standard.
Statistical analysis
The general linear models (GLM) procedure in the SAS software was used to analyze data from all experiments. Significant differences were determined using Tukey's Multiple Range Test, with P<0.05 
Results
Expression of autophagy-related genes in porcine oocytes and embryos
The relative abundance of Atg5, Beclin1 and Lc3 transcripts was measured by real-time RT-PCR using the 2-ddCt method. Ten embryos per group were quantified three times, and four repetitions were performed. To normalize the RT-PCR reaction efficiency and to quantify the amounts of Atg5, Beclin1 and Lc3 mRNA, Gapdh was used as an internal standard. After normalization with Gapdh mRNA, the mRNA expressions of Atg5, Beclin1 and Lc3 showed similar patterns in embryonic development (Fig. 1) in that the expression levels were abundant at the one-cell (1C) stage and gradually decreased from the 2C to blastocyst (BL) stages. LC3 proteins were detected in embryos at all stages (Fig. 2) by immunofluorescent staining using an LC3A/B primary antibody and FITC-labeled anti-rabbit IgG secondary antibody.
Effect of 3-MA or rapamycin treatment on target gene expression and protein synthesis.
The relative mRNA expression of autophagy-related genes in blastocysts was measured by real-time RT-PCR. To normalize the RT-PCR reaction efficiency, porcine Gapdh was used as an internal standard. Ten embryos were used per treatment group, and each experiment was repeated four times, with three replicates. Blastocysts derived following treatment with 3-MA from the 1C to 4C or 1C to BL stage exhibited specifically reduced Atg5, Bclin1 and Lc3 mRNA expression (P<0.05, Fig. 3 ). In contrast, blastocysts derived following treatment with rapamycin from the 1C to 4C or 1C to BL stage showed significantly increased Atg5, Bclin1 and Lc3 mRNA expression (P<0.05, Fig. 3 ). However, no change in autophagy-related genes was observed following 3-MA or rapamycin treatment of embryos from the 4C to BL stage. In addition, immunofluorescent staining showed that the blastocysts derived following 3-MA treatment from 1C to 4C stage had reduced LC3 levels and that the blastocysts derived following rapamycin treatment from 1C to 4C stage had increased LC3 levels (Fig. 4) . 
Effect of 3-MA or rapamycin treatment on maternal gene expression
The relative mRNA expressions of maternal genes Gdf9, Bmp15, c-mos and cyclin B were measured by real-time RT-PCR. Ten embryos were used per treatment group, and each experiment was repeated four times, with three replicates. The mRNA expression of Gdf9 and c-mos maintained high levels in 2C or 4C embryos treated with 3-MA compared with the control or treatment with rapamycin. The Bmp15 mRNA level was unchanged in 2C or 4C embryos following treatment with 3-MA but was significantly reduced in embryos treated with rapamycin. The cyclin B mRNA level was significantly increased in 2C or 4C embryos treated with 3-MA and was significantly reduced in embryos treated with rapamycin (Fig.  5) . On the whole, maternal genes maintained high levels following treatment with 3-MA compared with treatment with rapamycin.
Effect of 3-MA or rapamycin treatment on porcine embryo development
Embryos were treated with 3-MA or rapamycin from the 1C to 4C stages and then cultured without 3-MA or rapamycin from the 4C to BL stage. Embryos treated with 3-MA produced significantly fewer BL-stage embryos (16.3 ± 3.76%). The rate of development of rapamycin-treated embryos (26.7 ± 4.7%) was not different from that of control embryos (29.8 ± 4.23%), as shown in Figure 6 (left, P<0.05). A similar developmental pattern was evident in the embryos treated with 3-MA or rapamycin from the 1C to BL stage (15.1 ± 4.22 and 27.8 ± 3.82 vs. 27.6 ± 4.19%, control; P<0.05, middle). However, embryos treated with 3-MA or rapamycin from the 4C to BL stage did not exhibit a different developmental rate than the control group (52.8 ± 4.39 and 54.9 ± 3.96 vs. 56.2 ± 3.56%, control; P<0.05, right).
Effect of 3-MA or rapamycin treatment on cell number and apoptosis in the blastocyst stage
The total cell number in blastocysts following 3-MA or rapamycin treatment of 1C to 4C embryos was significantly lower than in the control group (36.9 ± 4.66 and 38.1 ± 5.67 vs. 48.3 ± 5.23, control; P<0.05, left, Fig. 7A ). Treatment with 3-MA or rapamycin (from 7A ). In addition, the apoptotic index was also significantly increased in these BL-stage embryos (7.18 ± 0.76 and 6.94 ± 0.84 vs. 4.13 ± 0.73%, control; P<0.05, middle, Fig. 7B ). However, the total cell numbers and apoptotic index were unchanged in the BLs from embryos treated with 3-MA or rapamycin from the 4C to BL stage (right, Fig. 7A and B) .
Effect of 3-MA or rapamycin treatment on apoptosis-related gene expression.
Apoptosis, a type of programmed cell death, is a common feature of mammalian development. Two major families of apoptotic genes, the Bcl2 family and the Caspase family, are expressed in the preimplantation stage of embryo development. Real-time RT-PCR was used to measure the mRNA expression of apoptosis-related genes, namely the anti-apoptotic gene Bcl-xl and the pro-apoptotic genes Bak, Fas and Caspase-3, in blastocysts following 3-MA or rapamycin treatment (Fig. 7D) . Porcine Gapdh was used as an internal standard. Ten embryos were used per treatment group, and each experiment was repeated four times, with three replicates. After treatment of 1C-to 4C-stage embryos with 3-MA or rapamycin, the ratios of both Fas/ Bcl-xl and Bak/Bcl-xl expression and Caspase-3 mRNA expression were significantly increased (P<0.05). The mRNA expression level of Bcl-xl was decreased in the 3-MA treatment group (P<0.05) but was unchanged in the rapamycin treatment group. 
Effect of 3-MA or rapamycin treatment on developmentrelated gene expression
The relative mRNA expression of the inner cell mass (ICM)-or trophectoderm (TE)-related genes, Pou5f1, Sox2 and Nanog, was also measured by real-time RT-PCR. To normalize the RT-PCR reaction efficiency, porcine Gapdh was used as an internal standard. Ten embryos were used per treatment group, and each experiment was repeated four times, with three replicates. Blastocysts derived following treatment with 3-MA or rapamycin in 1C-to 4C-stage embryos had significantly decreased expression of Pou5f1, Sox2 and Nanog (P<0.05 or P<0.02; Fig. 8 ).
Discussion
Autophagy is the bulk degradation of proteins and organelles, which is essential for cellular maintenance, cell viability, and development, and is often involved in type II programmed cell death in mammals [37] . This process plays an essential role in differentiation and development, as well as in the cellular response to stress. It is difficult to obtain pig embryos of homogeneous quality due to the relatively high incidence of polyspermy during in vitro fertilization. Therefore, diploid parthenotes have frequently been used to study early development in the pig [38] [39] [40] . These results suggested that parthenogenetic diploids could be used as model embryos for studies regarding early development and establishment of in vitro culture systems in the pig. In the study reported here, we examined the expression of autophagy-related genes and the effects of the autophagy inhibitor 3-MA and inducer rapamycin on maternal gene expression and apoptosis in porcine parthenotes developing in vitro.
Using real-time RT-PCR, we determined that the autophagy-related genes Atg5, Beclin1 and Lc3 in porcine parthenotes were highly expressed at the 1C stage and that expression gradually decreased through the 2C to blastocyst stages. Considering that the onset of zygotic genome activation occurs at the 4C stage in pigs [41] , the Atg5, Beclin1 and Lc3 transcripts detected at the 1C to 4C stage represent maternal gene expression. In addition, synthesis of LC3 was detected from the 1C to blastocyst stages. LC3 is the major regulator promoting the induction of autophagy. These results suggest that LC3 might be required for embryo development and play an important role before zygotic gene activation in porcine parthenotes developing in vitro.
In the present study, we observed that at the blastocyst stage, the expression of Atg5, Beclin1 and Lc3 decreased in 1C-to 4C-stage embryos treated with 3-MA and increased in 1C-to 4C-stage embryos treated with rapamycin. 3-MA is a known inhibitor of autophagy and inhibits deprivation-induced lysosomal degradation of both endogenous and endocytosed proteins [42] . Rapamycin, which irreversibly inhibits mTORC1, leading to the sustained inhibition of cell growth, is known to induce autophagy [43] . Taken together, these results demonstrate that treatment of embryos with 3-MA or rapamycin alters the expression of autophagy-related genes (Atg5, Beclin1 and Lc3), which is consistent with the modulation of autophagy by these drugs in other cell types [26, 44] . Furthermore, this modulation of autophagy may influence early embryonic development.
In the investigation of whether autophagy affects porcine parthenote development, it was found that embryos treated with 3-MA or rapamycin from the 1C to 4C stage or from the 1C to blastocyst stage exhibited significant adverse effects in terms of developmental rate, cell number and apoptosis at the blastocyst stage. However, treatment with 3-MA or rapamycin from the 4C to blastocyst stage did not affect developmental rate, cell number or apoptosis. In addition, the mRNA expression levels of autophagy-related genes were not changed. These results indicate that treatment with 3-MA or rapamycin affected early-stage embryos (from 1C to 4C).
Previously, autophagy was shown to be an essential process in the oocyte to embryo transition [4] . During this period, maternal proteins in oocytes are degraded, and new proteins encoded by the zygotic genome are synthesized. Autophagy plays a critical role in this process. Therefore, we examined the maternal gene (Gdf9, Bmp15, c-mos and cyclin B) degradation during these stages. The mRNA expression of Gdf9, c-mos and cyclin B maintained high levels in 2C or 4C embryos treated with 3-MA compared with the control. The Bmp15 and cyclin B mRNA level was significantly reduced in 2C or 4C embryos treated with rapamycin compared with the control. Clearly, our results showed that 2C or 4C embryos treated with 3-MA maintained high levels of Gdf9, Bmp15, c-mos and cyclin B mRNA compared with those treated with rapamycin. These results suggest that autophagy influences the degradation of maternal genes. Taken together, these results may indicate that the inhibition of maternal gene degradation by 3-MA-mediated inhibition of autophagy decreases the developmental rate of blastocysts; however, the promotion of maternal gene degradation by rapamycin-mediated induction of autophagy has no effect on the developmental rate of blastocysts in porcine parthenotes developing in vitro. On the other hand, treatment with either 3-MA or rapamycin significantly decreased total cell numbers and significantly increased apoptosis in the blastocyst. Because autophagy is a crucial intracellular process that maintains cellular homeostasis, treatment with 3-MA or rapamycin does not appear to have beneficial effects on the viability and development of porcine embryos under normal culture conditions. The molecular mechanisms by which autophagy affects apoptosis in the mammalian embryo are not yet clear. Recent study has shown that the autophagy-specific protein Atg5 can be cleaved following death stimuli, and the cleavage product can translocate from the cytosol to the mitochondria and associate with the anti-apoptotic Bcl-xl to trigger cytochrome c release and caspase activation, resulting in mitochondria-mediated apoptosis [45] . Furthermore, Bcl-2, a well-characterized anti-apoptosis factor, can bind to Beclin1/ Atg6 to inhibit Beclin 1-mediated autophagy and autophagic cell death [46] . During embryogenesis, the Bcl-2 gene family controls developmentally programmed cell death. The Bcl-2 gene family is known to include anti-apoptotic and pro-apoptotic subgroups, and Bcl-xl protects against apoptosis [47] . In contrast, another group of highly conserved genes are positive regulators of apoptosis. These include the Bak proteins in pigs. Therefore, we investigated whether autophagy affects apoptosis at the blastocyst stage. In the present study, modulation of autophagy by 3-MA or rapamycin significantly increased the mRNA expression ratios of both Fas/Bcl-xl and Bak/ Bcl-xl and increased Caspase 3 expression levels. This observation may reflect the modulation of autophagy by 3-MA or rapamycin to promote apoptosis in porcine embryos developing in vitro.
The transcription factors Pou5f1, Sox2 and Nanog have essential roles in early development and are required for the propagation of undifferentiated ES cells in culture. Pou5f1 mRNA and protein have been identified in the blastomeres of preimplantation embryos, in the ICM of blastocysts, in epiblasts and primordial germ cells and in most germ cells [28, 31] . Loss of Pou5f1 in blastocysts leads to terminal differentiation of the ICM into the trophoblast lineage [32] , and a precise amount of Pou5f1 is required for cell fate decisions [33] . Sox2 and Nanog interact with Pou5f1 to regulate the transcription hierarchy that specifies ES cell identity [32, 34, 35] . Therefore, we investigated whether autophagy affects the development-related genes at the blastocyst stage. Interestingly, it was observed that treatment of embryos with 3-MA or rapamycin significantly decreased the expression of Pou5f1, Sox2 and Nanog mRNA at the blastocyst stage. Previously, several groups reported that loss of Pou5f1, Sox2 and Nanog function leads to apoptosis [48] [49] [50] . Taken together, these results indicate that 3-MA or rapamycin treatment induced the downregulation of Pou5f1, Sox2 and Nanog mRNA expression and resulted in apoptosis at the blastocysts stage.
In summary, the autophagy-related genes Atg5, Beclin1 and Lc3 are expressed in porcine preimplantation embryos, and the mRNA expression of Gdf9, c-mos and cyclin B remained at high levels in 2C and 4C embryos treated with 3-MA compared with the control. The Bmp15 and cyclin B mRNA levels were significantly reduced in 2C or 4C embryos treated with rapamycin compared with the control. In addition, the expression of Pou5f1, Sox2 and Nanog mRNA is significantly reduced at the blastocyst stage by treatment with 3-MA or rapamycin. These results suggest that autophagy influences maternal mRNA degradation and apoptosis at the blastocyst stage, and that autophagy plays an important role in early embryo development in the pig.
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